The repair protein O 6 -alkylguanine-DNA alkyltransferase (AGT) protects cells from the mutagenic and carcinogenic effects of alkylating agents by removing O 6 -alkylguanine adducts from DNA. Recently, we established that AGT protects against the mutagenic effects of pyridyloxobutylation resulting from the metabolic activation of the tobacco-specific nitrosamines (TSNA) 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and N-nitrosonornicotine by repairing O 6 -[4-oxo-4-(3-pyridyl)butyl]guanine (O 6 -pobG). There have been several epidemiologic studies examining the association between the I143V/K178R AGT genotype and lung cancer risk. Two studies have found positive associations, suggesting that AGT proteins differ in their repair of DNA damage caused by TSNA. However, it is not known how this genotype alters the biochemical activity of AGT. We proposed that AGT proteins may differ in their ability to remove large O 6 -alkylguanine adducts, such as O 6 -pobG, from DNA. Therefore, we examined the repair of O 6 -pobG by wild-type (WT) human, I143V/K178R, and L84F AGT proteins when contained in multiple sequence contexts, including the twelfth codon of H-ras, a mutational hotspot within this oncogene. The AGT-mediated repair of O 6 -pobG was more profoundly influenced by sequence context than that of O 6 -methylguanine. These differences are not the result of secondary structure (hairpin) formation in DNA. In addition, the I143V/K178R variant seems less sensitive to the effects of sequence context than the WT or L84F proteins. These studies indicate that the sequence dependence of O 6 -pobG repair by human AGT (hAGT) varies with subtle changes in protein structure. These data establish a novel functional difference between the I143V/K178R protein and other hAGTs in the repair of a toxicologically relevant substrate, O 6 -pobG.
Introduction
The tobacco-specific nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N-nitrosonornicotine (NNN) are potent carcinogens in animal models and are likely involved in the development of tobacco-related cancers in humans (1) . Both NNK and NNN are activated via a-hydroxylation to form DNAreactive intermediates. NNK can form both methylating and pyridyloxobutylating agents, whereas NNN forms a pyridyloxobutylating agent ( Fig. 1; ref. 1 ). The alkylation pathways contribute to the toxicologic activity of these compounds in animal models, in large part due to the formation of mutagenic DNA adducts (1) (2) (3) (4) .
Although DNA alkylation produces a variety of modified DNA bases (5, 6) , O 6 -alkylguanine adducts are important contributors to the mutagenic properties of nitrosamines (7) (8) (9) . The mutagenicity of methylating agents is directly related to levels of O 6 -methylguanine formed (7) . Recently, our group established that O 6 -[4-oxo-4-(3-pyridyl)butyl]guanine (O 6 -pobG) plays a major role in the mutagenic activity of pyridyloxobutylating compounds (10) .
Both O 6 -methylguanine and O
6
-pobG are substrates for the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase (AGT; refs. 11, 12) . During the repair reaction, the alkyl group is directly transferred from the modified guanine to a cysteine residue at the protein active site, resulting in a change in protein conformation that signals for its degradation (11, 13) . Thus, DNA repair by AGT is stoichiometric and can be depleted. Repair of O 6 -methylguanine and O 6 -pobG by AGT shields cells from the mutagenic effects of methylating (14, 15) and pyridyloxobutylating agents (10) , respectively. In addition, AGT protects against carcinogenesis in animals exposed to alkylating agents (11, 15) .
Exposure, genotype, and their interaction influence cancer susceptibility (16) . Several epidemiologic studies have examined the hypothesis that AGT genotype modifies susceptibility to cancers linked to tobacco exposure. A positive association between the common I143V/K178R genotype and increased lung cancer risk was observed in two independent inquiries (17, 18) . However, others have failed to replicate these findings (19, 20) . When considering the combined exposure to tobacco and alcohol, I143V/ K178R and another frequent variant, L84F, were associated with decreased risk of head and neck cancer (21) . Although interpretation of these studies is complicated by the fact that they considered different exposure combinations, they imply that genetic variations in AGT may translate into phenotypic differences when individuals are exposed to tobacco products.
Several laboratory-based investigations have explored the phenotypic differences between these variant proteins. I143V/ K178R and L84F proteins have comparable stability as the wild-type (WT) protein (21) (22) (23) . In addition, there is no significant difference in the ability of these proteins to repair O 6 -methylguanine (23). However, human lymphocytes expressing I143V or L84F proteins exhibited a higher number of chromosomal aberrations resulting from exposure to NNK than lymphocytes expressing the WT protein (24) . In addition, I143V/K178R was slightly more resistant to the pseudosubstrate O 6 -(4-bromothenyl)guanine than the WT protein (23) . These studies are consistent with the hypothesis that I143V/K178R and/or L84F differ from the WT protein in their interaction with large O 6 -alkylguanine substrates, such as O 6 -pobG. Repair of O 6 -pobG is influenced by chemical and physical factors that are distinct from those that affect the removal of O 6 -methylguanine (25) . Therefore, it is plausible that human variant proteins could vary in their ability to repair O 6 -pobG while repairing O
-methylguanine with similar efficiency. In preliminary studies, the I143V/K178R and WT proteins reacted equally well with O 6 -pobG in a defined sequence (25) . To more fully characterize the potential functional differences between the human variant proteins, we extended these studies to explore O 6 -pobG repair in several DNA sequence contexts. The available data indicate that repair of O 6 -methylguanine by AGT proteins is affected by neighboring bases (26) (27) (28) (29) . There is also evidence that interactions between adduct size and the active site of protein may determine the extent of sequence selectivity. For example, the two bacterial proteins, Ogt and Ada, differ in their sequence-dependent repair of O 6 -methylguanine (26, 30) . Consequently, we proposed that sequence context effects may have a greater effect on the repair of O 6 -pobG and that these effects may differ between the various AGT variant proteins. Repair of O 6 -pobG was measured relative to that of O 6 -methylguanine, which allowed us to determine if the removal of the pyridyloxobutyl group was more profoundly affected by sequence context. We found that sequence context was an important factor in the efficiency of this reaction and made the novel observation that human polymorphic variant proteins differ in their sensitivity to these effects.
Materials and Methods
Reagents. Electrophoresis reagents were purchased from Bio-Rad (Hercules, CA). [ AGT proteins. Recombinant His-tagged AGT proteins from human, mouse, rat, and Escherichia coli (AdaC) and variant human AGT (hAGT) proteins G160R and I143V/K178R were prepared as described previously (25, 31) . The L84F human variant was produced using the same system, including a plasmid derived from that described for the expression of recombinant WT AGT-His 6 (31) . The sequence was altered to encode the desired mutant with the QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) and primers 5V -d(CCCGTGCCAGCGTTCCAC-CCATCCCGTTTTC)-3V and 5V -d(GAAAACGGGATGGTGGAA CGCTGG-GCACGGG)-3V (mutated sites are italicized). The entire sequence of the coding region in this plasmid was confirmed by DNA sequencing.
Oligonucleotide preparation. -pobG-containing oligonucleotides were prepared as described previously (32) . All oligonucleotides were purified by highpressure liquid chromatography before use. To confirm structure, the mass of the oligonucleotides was determined using an Agilent MSD Trap (Palo Alto, CA). The mass of all oligonucleotides containing O Repair assay. The repair of O
6
-pobG was determined relative to O 6 -methylguanine using a slight modification of a previously described PAGE method (25) . Mixtures containing equal amounts of 32 P-end-labeled oligonucleotides containing O 6 -methylguanine and O 6 -pobG were annealed with a 1-or 15-fold excess of the complementary oligonucleotide by heating to 80jC and slowly cooling to room temperature. The oligonucleotides (0.5 pmol) were then reacted with increasing amounts of mouse, rat, AdaC, WT human, I143V/K178R, L84F, and G160R proteins (0-25 ng) for 2 hours at 37jC (total volume 15 AL). Negative control reactions were done with protein pretreated with the AGT depletor O 6 -benzylguanine. All reactions were quenched by the addition of formamide loading buffer (18 AL) before loading on 20% denaturing PAGE gels. The gels were run for 3 to 4.5 hours to resolve oligonucleotides containing O 6 -pobG, O 6 -methylguanine, and guanine (repaired strand). Gels were imaged using a phosphorimaging screen, and densitometry was done using Molecular Analyst software Nondenaturing PAGE experiments. 32 P-end-labeled single-and double-stranded oligonucleotides (annealed to complementary strand in 1:1 and 1:15 oligonucleotide to complementary strand ratios at 80jC) were used in nondenaturing PAGE experiments to assess the potential of the oligonucleotide to form secondary structures. Samples were mixed with glycerol buffer (30% glycerol, 0.25% bromphenol blue, and 0.25% xylene cyanol) and run at least 7.5 hours at 4 to 6 W constant power through a 20% nondenaturing gel [ 
Results
Five different oligonucleotide sequences were used in these studies (Table 1) . Our previous studies were done with sequence 1 (25) . Sequences 2 and 3 represent codons 11 to 14 of the rat H-ras gene. Sequence 2 has the O 6 -alkylguanine adduct at the first guanine of the twelfth codon, whereas sequence 3 has the adduct at the second base of the twelfth codon. Earlier studies showed that O 6 -methylguanine is repaired by bacterial and hAGT proteins at least 10 times more slowly when in the second base compared with the first (28, 29) . This difference in repair rate may explain, in part, why the H-ras gene is exclusively mutated at the second base of the twelfth codon in mammary and skin tumors induced by N-methyl-N-nitrosourea (34) .
Because of the potential for sequences 2 and 3 to hairpin (28, 35) , sequences 4 and 5 were also prepared. These sequences, which retained H-ras codons 11 to 13, are not expected to hairpin. This was confirmed by analyzing 32 P-end-labeled oligonucleotides by nondenaturing PAGE. Although sequences 2 and 3 displayed low molecular weight bands consistent with the presence of DNA hairpins, sequences 4 and 5 lacked such bands (Fig. 2) . Because the low molecular weight bands disappeared when annealed with 15-fold excess complementary strand (Fig. 2) , repair reactions with sequences 2 and 3 were done under these conditions.
The experiments were done with seven AGT proteins. Four human variant proteins were examined: WT, I143V/K178R, L84F, and G160R. Although G160R is a rare human variant (17) , it was included because it was more resistant to reaction with O 6 -pobG in our previous study; it did not repair O 6 -pobG in the presence of O 6 -methylguanine (25) . Because rodent models have been important to describing the mechanism of NNK carcinogenesis (1), we also included the rat and mouse AGTs. Previously, we observed that these two proteins reacted equally well with O 6 -methylguanine and O 6 -pobG (25) . The bacterial AdaC protein was used as a negative control because this protein was unable to repair O 6 -pobG (25) . To investigate the influence of sequence context on O 6 -pobG repair, we measured the competitive reaction of O 6 -pobG versus O 6 -methylguanine with AGT in defined oligonucleotide sequences. These competitive repair reactions allowed us to normalize the activity of each protein. A change in the repair ratio (pmol O 6 -pobG removed/pmol O 6 -methylguanine removed) between sequences indicates that the AGT-mediated removal of these alkyl groups is differentially influenced by the surrounding nucleotide environment. Oligonucleotide mixtures were separated by denaturing PAGE, and densitometry was used to assess the extent of repair. Representative gels are displayed in Fig. 3 .
The results of these competitive repair reactions in dsDNA are displayed in Table 2 . The common human variants (WT, I143V/K178R, and L84F) all displayed f2-fold preference in their repair of O 6 -methylguanine relative to O 6 -pobG within sequences 1 and 4. In marked contrast, all proteins only removed the pyridyloxobutyl group from sequences 2 or 3 after all of the O 6 -methylguanine was gone. This remained true even under circumstances in which oligonucleotides were annealed to excess complement to convert them to a doublestranded form (Fig. 2) . The rodent proteins were much slower at repairing O 6 -pobG in these two sequences than the human variants. Interestingly, a phenotypic difference between the common human variant proteins was observed with double-stranded sequence 5 oligonucleotides. Although I143V/K178R displayed the same selectivity for O The relative repair rates were also determined for sequences 1 to 5 as single-stranded substrates with WT, I143V/K178R, G160R, and rat proteins. With the exception of sequence 5, the relative rates of repair were similar to those obtained for these oligonucleotides when double stranded (data not shown; ref. 25) . All proteins poorly repaired O 6 -pobG relative to O 6 -methylguanine when sequence 5 was single stranded. However, the degree to which they were resistant to repair varied; the WT and G160R proteins exhibited particularly poor repair of the O 
Discussion
We evaluated AGT-mediated repair of O 6 -pobG relative to O 6 -methylguanine in multiple sequences to determine if it is affected by sequence context. From this set of preliminary experiments, we conclude that O 6 -pobG repair is more profoundly influenced by the surrounding nucleotide environment than O 6 -methylguanine repair. In addition, protein structure shapes the extent of these sequence context effects. Single amino acid changes altered the ratio of O 6 -methylguanine to O 6 -pobG repair within the same sequence context. This is a novel finding. Because DNA repair but not replication seems to play a larger role in determining mutational hotspots by O 6 -alkylguanine adducts (30, 37, 38) , this intriguing observation may provide important insight into understanding interindividual differences in cancer risk associated with tobacco exposure.
Previous kinetic studies with O 6 -methylguanine indicated that AGT recognizes this adduct in different sequences equally but repairs them at different rates (29) . The surrounding nucleotides affect the rate of either base flipping or alkyl group transfer. Our studies suggest that these effects are likely to be more pronounced for the larger pyridyloxobutyl group.
Conformational differences are likely to explain, in part, the sequence context effects on O 6 -pobG repair. Changes in adduct conformation as well as conformation of the DNA helix must be considered for their effects on repair. Variations in adduct and DNA conformation were invoked to explain the sequencedependent difference in rate of AGT-mediated repair and antibody recognition of O 6 -methylguanine in sequences 2 and 3 (28) . Similarly, differences in the repair of bulky O 6 -pobG in sequences 4 (adduct positioned at G 1 ) and 5 (adduct positioned at G 2 ) are likely due to sequence-dependent alterations in adduct conformation. This hypothesis is supported by several pieces of data presented in this article. First, marked differences in repair ratio are observed with the WT and L84F proteins in sequence 5 when the adduct is base paired with C versus T. Both proteins react slowly with O
6
-pobG when C is positioned opposite the adduct; however, this resistance is removed when T is base paired with the adduct. In addition, the marked improvement in the repair of O 6 -pobG in sequence 5 when presented as a double-stranded substrate implies that the conformation of the adduct is altered in a DNA duplex. Observations from the repair experiments are consistent with previous reports of the opposing base effecting the conformation of O 6 -pobG (39, 40) . Nuclear magnetic resonance solution structures of this adduct contained in sequence 1 show that O 6 -pobG forms three hydrogen bonds with C through unusual base pairing with the ketone group of the adduct. In contrast, the adduct forms only a single hydrogen bond with T, with a significant increase in the distortion of the DNA backbone. The effect of the nucleotide neighbors on the conformation of O 6 -pobG and the ability of the adduct to hydrogen bond with the complementary strand are unexplored.
The markedly poor repair of O 6 -pobG in sequences 2 and 3 oligonucleotides is consistent with the presence of helical distortions or alternative DNA conformations that are known to influence repair (41) (42) (43) . Although it is conceivable that these H-ras oligonucleotides could form secondary hairpin structures that inhibit repair (35) , our studies with nondenaturing gels indicate that it is highly unlikely that DNA hairpin structures are stabilized by O 6 -pobG. They also suggest that the DNA substrates used in our study were double stranded (Fig. 2) despite the known destabilizing effect of this adduct on double stranded DNA (39) . Instead, changes in DNA conformation are likely to account for the poor repair of O
-pobG by all proteins in this sequence. Oligonucleotides 2 and 3 are GC rich, which makes them more likely to adopt alternative conformations than sequences 4 and 5 (44) . The poor repair of O 6 -pobG by all proteins in double-stranded sequences 2/3 compared with the generally efficient repair of double-stranded sequences 4/5 suggests that the DNA sequence beyond the nearest nucleotide neighbors can also influence repair. Further studies are needed to determine how O 6 -pobG affects DNA conformation of these sequences. The most intriguing finding of our studies was the observation that small changes in AGT protein structure modified the effect of local DNA sequence on O 6 -pobG repair. The mouse and rat proteins were much less efficient at removing O 6 -pobG from sequences 2 and 3 than the human proteins. Rodent proteins differ from the human proteins in the amino acid composition of the binding pocket (25) . Any of these alterations could account for differences in repair efficiency. Importantly, hAGT variants also vary in their sensitivity to sequence effects. The ability of the WT and L84F proteins to repair O 6 -pobG relative to O 6 -methylguanine was more strongly influenced by nucleotide environment than that of I143V/K178R. Because the results obtained with I143V were essentially identical to those obtained with I143V/K178R, the I143V substitution is responsible for the phenotypic difference between I143V/K178R and the other common variant proteins. The amino acid change occurs within the binding pocket in close proximity to the active site C145. We propose that the I143V substitution alters the geometry of the AGT-binding pocket to permit efficient repair of bulky O 6 -pobG even when it is in conformations that may be poorly repaired by other human variants.
These data establish a novel functional difference between the I143V/K178R protein and other hAGTs in the repair of a toxicologically relevant substrate, O 6 -pobG. Functional studies of polymorphic repair proteins have largely screened for differences in the overall level of repair (45) . Our data suggest that repair phenotypes may be more nuanced. We hypothesize that AGT genotype will influence the pattern of adduct distribution across the genome in a way that reflects the sequence specificity of repair by the AGT variant. This sequence-specific phenotype has the potential to change the mutation spectra in cells, which in turn will influence the molecular and phenotypic characteristics of the resulting tumor. Clearly, additional studies are needed to determine how subtle differences in repair phenotype can modify the propensity for tumor development and affect tumor characteristics.
These findings, like previous reports, suggest that the I143V/ K178R and WT hAGT proteins are indeed functionally different (23, 24) . It has also been reported that WT and I143V/K178R AGT proteins differ in their interactions with the nucleobase pseudosubstrate O
-(4-bromothenyl)guanine (23) . In this case, the WT protein reacts slightly better. The reactions between AGT and nucleobases differ substantially from those between AGT and O 6 -alkylguanine adducts in DNA (12, 46) . Further study is required to determine if our studies are inconsistent with those of Hill et al. (24) , who reported a higher frequency of chromosomal aberrations when cells were of the I143V/K178R genotype. Although their data suggest that the I143V/K178R protein repairs NNK-derived DNA damage less efficiently than the WT protein, they did not measure the repair of NNK-derived O 6 -alkylguanine adducts in these cells. Differences in sequence specificity of repair could alter the frequency of chromosomal aberrations because there are sequences of DNA that seem to be more susceptible to strand breakage (47) . Detailed studies are needed to link our in vitro findings to toxicologic effects, such as mutation frequency, chromosomal aberrations, and cancer risk. Results from such experiments will be useful in the formulation of more rigorous mechanism-based hypotheses in molecular epidemiologic studies.
The contribution of AGT-mediated repair to the overall repair of mutagenic O 6 -pobG adduct requires further definition. Nucleotide excision repair is thought to play a role in the repair of bulky O 6 -alkylguanine adducts (11). It is not known if O 6 -pobG is a substrate for this repair pathway. Preliminary data indicate that AGT is a major pathway for repair as the adduct was more mutagenic in human cells pretreated with the AGT depletor O 6 -benzylguanine than in untreated cells; the cell lines used have (25) . cn = 5. bn = 3. x n = 4. k Significantly different from the results obtained with the I143V/K178R protein for this sequence (P = 0.014; two-sided t test assuming unequal variances). { Significantly different from the results obtained with sequence 4 (P = 0.004; two-sided t test assuming unequal variances). **Repair mediated by I143V protein is identical.
functional nucleotide excision repair (36) . It will be important to establish the relative involvement of all repair pathways to adequately assess the importance of our findings to cancer susceptibility in humans.
In conclusion, this work highlights the importance of sequence context in the repair of O 6 -alkylguanine adducts. First, we report that the effect of sequence context varies with the chemical nature of the DNA adduct; the removal of the bulky pyridyloxobutyl group is more strongly affected by its nucleotide neighbors than that of the smaller methyl group. In addition, we observed that interactions between the local DNA environment and protein structure significantly influence O 6 -pobG repair by AGT. Single amino acid changes in the protein-binding pocket can alter the sequence specificity of the repair reaction. This new observation suggests another mechanism by which small amino acid changes encoded by single nucleotide polymorphisms could alter repair phenotype and, ultimately, individual susceptibility to the toxicologic effects of environmental carcinogens. Careful examination of this hypothesis, particularly when considering exposure to chemical mixtures, is warranted.
